The initial replication of lactate dehydrogenase-elevating virus (LDV) in mice, its invasion of the central nervous system (CNS) 
Introduction
Lactate dehydrogenase-elevating virus (LDV) belongs to a new, as yet unnamed, family of positive-strand RNA viruses, which also includes equine arteritis virus, simian haemorrhagic fever virus and porcine reproductive and respiratory syndrome virus (Plagemann & Moennig, 1992; Plagemann, 1994) . These are enveloped viruses with a diameter of 50 to 60 nm and a 12 kb to 15 kb RNA genome. The organization and expression of their genomes resemble those of the coronaviruses, involving the formation of a 3'-coterminal nested set of six or seven subgenomic mRNAs.
Normally, LDV replicates only in a subpopulation of mouse macrophages which possess a surface protein functioning as LDV receptor, but the LDV receptor has not yet been identified (Plagemann & Moennig, 1992) . Numerous mouse macrophage cell lines and other cell lines investigated have all been found to be resistant to LDV infection (Plagemann, 1994) , but productive infection of cells of resistant cell lines using LDV RNA and LDV/mouse hepatitis virus pseudotype virions has been * Author for correspondence. Fax + 1 612 626 0623. e-mail micro @lenti. reed. umn. edu demonstrated (Inada et al., 1993; Even & Plagemann, unpublished results) . Infection of macrophages is cytocidal resulting in the release of about 104 ID~o/cell (Plagemann & Moennig, 1992) . Except under the circumstances described below, LDV infection of mice is asymptomatic even though it persists for life and is associated with continuous low-level viraemia (Plagemann & Moennig, 1992) . However, infection of strains of mice that possess at least one endogenous replication-competent, N-tropic, ecotropic murine leukaemia virus (MuLV) provirus and the Fv-1 n/n genotype, such as strains AKR, C58, PL/J, C3H/Fg and AKXD-16, by certain strains of LDV can lead to paralytic disease (age-dependent poliomyelitis, ADPM; Murphy et al., 1983 Murphy et al., , 1987 Anderson et al., 1995) .
Paralysis is caused by the cytocidal infection of anterior horn neurons by LDV Brinton et al., 1986; Anderson et al., 1995) . ADPM is a unique paralytic disease of mice caused by an interaction between two unrelated, normally harmless viruses, an endogenous Ntropic, ecotropic MuLV and LDV. We have directly proven the causal linkage between expression of ecotropic MuLV in spinal cord glial cells and susceptibility of motor neurons to cytocidal LDV infection by in utero infection of ADPM-resistant, endogenous ecotropic MuLV provirus-less, Fv-1 n/n CE/J mice with N-tropic ecotropic MuLV (AKR-623, emv-ll; Anderson et al., 1995) . All progeny mice that had become infected with the ecotropic MuLV developed susceptibility to paralytic LDV infection and this susceptibility correlated with an extensive expression of the ecotropic MuLV in CNS cells, which have been tentatively identified as glial cells (Anderson et aI., 1995) . However, how ecotropic MuLV expression in glial cells in the spinal cord renders anterior horn neurons susceptible to cytocidal LDV infection, which is specific for these cells, is still unknown.
Under natural conditions, paralytic disease is observed only in very old C58 or AKR mice, thus the name ADPM. Young mice mount vigorous anti-LDV immune responses that protect the anterior horn neurons from LDV infection without affecting LDV replication in macrophages, the normal host cell for LDV, and no paralytic disease ensues (Plagemann & Moennig, 1992; Harty & Plagemann, 1990) . Old mice lose the ability to mount effective motor neuron-protective anti-LDV immune responses and therefore become susceptible to the disease. Younger mice can be made susceptible to paralytic LDV infection by suppression of anti-LDV immune responses as a result of treatment with cyclophosphamide or x-irradiation (Plagemann & Moennig, 1992) . In the present study, we have explored the mode of entry of LDV into the central nervous system (CNS) and its replication in anterior horn neurons of C58 and AKR mice in relation to its replication in tissues outside the CNS using both Northern blot and in situ hybridization.
Methods
Animals. C58/M and AKXD-16 hybrid mice were bred in the animal facility of the Department of Microbiology. Outbred Swiss mice were purchased from Biolabs (St Paul, MN) and FVB mice were supplied by the transgenic facility of the University of Minnesota.
Virus and inoculation. LDV-v is a neuropathogenic strain of LDV which has been isolated from the spinal cord of a paralysed C58/M mouse that had been injected with Ib-LDV obtained from Dr W. Murphy (Murphy et al., 1987) . Stock LDV-v was prepared by injecting groups of Swiss or FVB mice with LDV-v and harvesting their plasma 1 day post-infection (p.i.). For experiments, mice were injected intraperitoneally (i.p.) with about 106 IDs0 of LDV-v. In ADPM experiments, mice were also injected i.p. with 200 mg cyclophosphamide/kg of body weight 1 day before and at weekly intervals after LDV-v infection and subsequently monitored for symptoms of paralysis until at least 5 weeks p.i. The onset of paralysis was noted when a mouse demonstrated a reduced ability to grasp with or splay at least one of its legs. Such mice were scored as paralytic if they subsequently developed flaccid paralysis of the weak limb(s). Blood was collected by the retro-orbital method. Plasma was titrated for infectious LDV by an endpoint dilution assay in Swiss or FVB mice (Plagemann et al., 1963) and for total anti-LDV IgG by an indirect fluorescent antibody (IFA) staining assay (Cafruny et aL, 1986; Onyekaba et at., 198%) .
Northern and in situ hybridization. Total RNA was extracted from tissues by the acid-guanidinium tbiocyanate method and analysed by Northern blot hybridization as described previously (Kuo et al., 1991 ; Chen et al., 1993; Anderson et al., 1995) . The hybridization probes were cDNA 4-55 (437 bp), which represents the 3' end of the LDV genome or cDNA 4-11 (1620 bp), which represents a segment of the ORF lb replicase gene (Kuo et al., 199l, 1992) . The probes were radiolabelled by random priming using a Random Primed DNA Labelling Kit from Boehringer-Mannheim and [~-a~-PldATP according to the procedure recommended by the manufacturer. For in situ hybridization analyses, tissues were removed from anaesthesized PBSperfused mice, formalin-fixed, paraffin-embedded and sectioned (8 lam thick for brain and spinal cord and 6 [am thick for all other tissues) as described by Anderson et al. (1995) . The sections were hybridized with 3SS-labelled LDV-specific cDNA 4-55 as described by Blum et al. (1984) and Anderson et al. (1995) . The cDNA was radiolabelled by random priming as described already but using [~-35S] dCTP. Peritoneal macrophages were dried on microscope slides, formalin-fixed and dehydrated. They were hybridized with oligonucleotide B 1151 which is complementary to a segment in the 80 nt non-coding Y end of the LDV genome and thus hybridizes to all eight LDV RNAs (Chen et al., 1993) . The oligonucleotide was 3' end-labelled using terminal deoxynucleotidyl transferase (Boehringer-Mannheim) and [~-3~S]dCTP (Anderson et al., 1995) .
Results

LD V replication in tissues outside the CNS
Upon initial infection of a mouse, regardless of strain or age, LDV rapidly infects the total subpopulation of LDV-permissive macrophages in the mouse (about 106) resulting in the destruction of these cells and the release of large amounts of progeny virus (up to 10 TM IDs0/ml of plasma at 1 day p.i. ; Rowson & Mahy, 1985; Plagemann & Moennig, 1992) . During the next few weeks, the plasma LDV titre decreases progressively to reach a constant level of 105 to 10~IDs0/ml. The lifelong persistent infection is maintained in mice by replication of LDV in new permissive cells, presumably macrophages, that are regenerated continuously at a slow rate (Onyekaba et al., 1989a; Plagemann & Moennig, 1992; Rowland et al., 1994) . Previous immunocytochemical staining has shown that at 1 day p.i. LDV antigenpositive cells are present in the spleen, thymus, lymph nodes, lung, liver, heart, intestine, skin, bone marrow and CNS (Porter et al., 1969; Inada & Mims, 1985; Chan et al., 1989) . By 3 days p.i., practically all the LDV antigen-positive cells have disappeared owing to the cytocidal nature of the LDV infection of macrophages (Plagemann & Moennig, 1992) . The number of new permissive cells that become continuously regenerated in the mouse and support the persistent infection is probably too low to be detected by this method. Furthermore, because these studies were limited to cryostat sections, little morphological detail was preserved in the sections and definitive assessment of the distribution of the LDV antigen-positive cells was not possible. We reasoned that in situ hybridization analyses 
* Total RNA was extracted from the various tissues of individual mice that had been infected with 108 IDs0 of LDV-v for the indicated periods of time and 5 lag analysed by Northern hybridization using 32P-labelled cDNA 4-11 as probe. The probe hybridizes to genomic LDV RNA and degradation products thereof but not to subgenomic mRNAs (Kuo et al., 1991 ; Chen et al., 1993) . RNAs from a single tissue were analysed in comparable amounts on one gel (see levels o f L D V R N A p e a k e d in t h e s e tissues a t a b o u t 18 h p,i. a n d s i g n i f i c a n t a m o u n t s were n o l o n g e r d e t e c ta b l e a t 2 d a y s p.i. in m o s t o f t h e tissues. C o n c o m i t a n t l y , p l a s m a v i r a e m i a b e g a n to d e c r e a s e (see l e g e n d , T a b l e 1). Only low levels of LDV RNA were detected in the CNS and only at 1 day p.i. Low amounts of LDV RNA persisted in the liver and the spleen consistent with results of other experiments which have shown that during the persistent phase of infection LDV-infected ceils are primarily located in the liver and lymphoidal tissues (Rowland et al., 1994 i~i~ ~
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• macrophages at the site of injection, from where progeny virus then rapidly spreads to other tissues via the blood, infecting practically all LDV-permissive macrophages during the first day p.i. (Stueckemann et al., 1982a, b) . Indeed, in situ hybridization analyses demonstrated that after the i.p. injection of LDV the maximum number of LDV-infected cells in the peritoneum (-,~ 6 % of a total of 1000 peritoneal cells counted) were present at 8 h p.i.
(data not shown). At 4 h p.i. < 0.1% of the peritoneal cells contained LDV RNA and by 24 h p.i. only a few LDV RNA-positive cells were left (~ 0.1% of total). Examples of in situ hybridized sections of various other tissues from 2-month-old AKXD-16 mice at the time of maximum viral RNA and virus production 1 day p.i. with LDV-v are presented in Fig. 2 . AKXD-16 mice carry a single replication-competent endogenous ecotropic MuLV provirus (emv-11), are homozygous at the Fv-1 n locus and are thus ADPM susceptible (Anderson et al., 1995) . When 5-month-old or older AKXD-16 mice were infected with LDV-v and treated with cyclophosphamide to block the generation of neutron-protective anti-LDV immune responses, practically all mice developed paralytic disease between 12 and 30 days p.i. (data not shown). The time course and levels of LDV viraemia in AKXD-16 mice were about the same as in Swiss mice and mice of other mouse strains (Plagemann & Moennig, 1992) so that the results from the strains in Table 1 and Fig. 2 can be compared.
A high density of LDV-infected cells was observed in all lymphoidal tissues. In both peripheral and mesenteric lymph nodes, many LDV-infected ceils were present along the marginal zone of the lymph node (Fig. 2 a) and among the medullary cords in the medulla (Fig. 2 b) and scattered infected cells were found in the paracortex (Fig.  2a) . In the spleen, LDV-infected cells were primarily present within the junction of the white and red pulp, that is, the marginal zone of the spleen (Fig. 2c) . In the thymus, LDV-infected cells were present within the cortex but not within the medulla (Fig. 2d) . All the segments of these lymphoidal tissues that contained large numbers of LDV RNA-positive cells are known to contain numerous macrophages (Vernon-Roberts, 1972) .
In other tissues too, LDV-infected cells were preferentially found in areas containing macrophages. In the kidney, LDV-infected cells were present scattered between the collecting tubules of the medulla (Fig. 2 e) but not in the cortex. In the liver, a few LDV-infected ceils were located between the sinusoids within the plates of liver cells (Fig. 2f ), but were not apparent within the sinusoids or the central vein. In the pancreas, LDVinfected cells were present adjacent to acini, but not within the islets of Langerhans or connective tissue (Fig.  2g) . In the skeletal muscle, LDV-infected cells were present between the fascicles (Fig. 2h) and within the perimysium, connective tissue elements that house the nerves and blood vessels which supply the fascicles. In adipose tissue, LDV-infected cells were located within septa of connective tissue which conduct vascular elements to the adipocytes (Fig. 2i) . A high density of LDV-infected cells was present in the skin (Fig. 2j) . Only very few LDV RNA-positive cells were found in the bone marrow at 24 h p.i. (data not shown). This finding was in agreement with results from Northern analyses which showed that LDV RNA appeared in bone marrow relatively early and had decreased to below a detectable level by 24 h p.i. (Table 1 and Fig. 1 ). Few, if any, LDVinfected cells were detected in the brain and spinal cord at 1 day p.i., except for positive cells in the leptomeninges (see below). In all cases presented in Fig. 2 , treatment of sequential sections with RNase A and T resulted in the loss of foci of grains (data not shown). Also, grain foci were not detected in sections of tissues of uninfected mice analysed as negative controls on each slide (data not shown). observed that upon footpad injections of a small number of C58 mice, the mice developed paralytic symptoms first in the limb the footpad of which had been inoculated. These results raised the possibility that LDV invades the CNS by retrograde transport via the axons of motor neurons innervating the footpad. However, a more extended analysis of the outcome of footpad injections of 15 immunosuppressed C58 mice showed that the onset of paralysis in various limbs was essentially random and not related to whether the footpad of either the right or left hind limb was inoculated with LDV-v (data not shown). Alternatively, LDV may enter the CNS via the haematogenous route. The presence of many LDVinfected cells in the leptomeninges at 1 day p.i. without their presence in other segments of the brain or spinal cord supports this view (Fig. 3 a and b) . Although many LDV-infected cells were present in the leptomeninges, In two independent experiments (a and b), groups of 5-to 7-month-old C58 mice were injected with 106 IDs0 of LDV-v and with 200 mg cyclophosphamide/kg at 1 day before and at weekly intervals p.i. At the indicated times p.i., single mice were sacrificed, total RNA was extracted from the spinal cord and analysed by Northern hybridization using a 32P-labelled LDV-specific probe (cDNA 4-55). The 14 and 18 day p.i. LDV-infected mice in both (a) and (b) were paralysed at the time of sacrifice. All other mice were without symptoms at the time of sacrifice.
LDV-v entry into the CNS
14 primarily close to blood vessels, the grey and white matter of the spinal cord were generally devoid of LDVinfected cells at 1 day p.i. (Fig. 3a) . Only two LDV RNA-positive cells were detected in spinal cord sections from eight mice. One positive cell appeared to be closely associated with a small blood vessel at the white and grey matter junction (Fig. 3d) . Also, only very few LDVinfected cells were located in the choroid plexus at 1 day p.i. (Fig. 3 c) . The specialized ependymal cells, of which the choroid plexus is composed, were clearly not infected (Fig. 3c) . The productive infection of cells in the leptomeninges should release LDV directly into the cerebrospinal fluid (CSF) since the latter flows through the subarachnoid spaces (Fig. 3 b) after being produced in the choroid plexus. Virus in the CSF will be disseminated throughout the CNS and thus delivered to anterior horn neurons. LDV-infected cells were also present in the leptomeninges of 1 day p.i. LDV-infected FVB mice which are not susceptible to paralytic LDV infection (Fig. 3 e and  f) . Thus a lack of LDV-v entry into the CNS is not a determinant of the resistance of mouse strains to paralytic LDV infection. As in C58 mice, only very few LDV-infected cells were detected in the choroid plexus of 1 day p.i. FVB mice (data not shown).
Replication and spread of LD V-v infection in the spinal cord
Previous Northern hybridization analyses indicated that little if any LDV RNA was detectable in the spinal cords of C58 mice during the first week p.i. In contrast, the spinal cords of paralysed mice contained very large amounts of LDV RNA and in situ hybridization showed that the LDV RNA in paralysed mice was primarily associated with anterior horn neurons . In these experiments, a cDNA representing the replicase gene, which only hybridizes to genomic RNA (see Fig. 1 ), was used as a probe. In order to increase the sensitivity of the assays we have used in the present more extensive Northern and in situ hybridizations a cDNA probe which represents the 3"-end of the LDV genome and hybridizes to genomic RNA as well as to all seven subgenomic mRNAs (Kuo et al., 1991 (Kuo et al., , 1992 see Fig. 4 ). This approach also assures that in in situ hybridizations LDV-infected cells containing subgenomic mRNAs are detected.
In two independent experiments, we detected very low levels of both genomic and subgenomic LDV RNAs in the spinal cord of immunosuppressed, 5-to 7-month-old C58 mice as early as 1 day p.i. (Fig. 4a and b ; 5-day exposure). The levels of LDV RNA increased little, if at all, until shortly before the mice normally become paralysed (12 to 25 days p.i., see earlier . On the other hand, the spinal cords of paralysed mice contained very large amounts of all LDV RNAs, except at very late stages of paralytic disease. For instance, the 14 and 18 day p.i. mice in Fig. 4(a) were paralysed, whereas the 10 and 12 day p.i. mice still did not show any signs of paralysis. In Fig. 4(b) , the 14 day p.i. mouse was paralysed and the 18 day p.i. mouse was in the last stages of paralytic disease. The results are in general agreement with those of and clearly the existence in 6 to 7-month-old C58 mice of a 10 day delay after entry of LDV into the CNS before massive cytocidal infection of anterior horn neurons occurs. The levels of spinal cord LDV RNA varied to some extent in mice at similar times p.i. but this was not unexpected since every time point represents an individual mouse which may become paralysed at an undefined time or may perhaps never develop paralytic disease. No LDV RNA was detected in the brains of two paralysed mice (Fig. 4a) in agreement with previous results . The results from the following 07 situ hybridization analyses are in complete agreement with those from the Northern hybridization analyses. As documented already (Fig. 3a) , at 1 day p.i. LDV-infected cells in the CNS were almost exclusively present in the leptomeninges of both the brain and spinal cord. At 2 days p.i., an increased number of LDV-infected cells were found closely associated with blood vessels within the CNS parenchyma (Fig. 5 a) which also could play a role in the invasion of the CNS by LDV. All the positive cells in the leptomeninges and around blood vessels had disappeared by 7 days p.i. (data not shown).
In spite of the early dissemination of LDV via the CSF, the first clearly identifiable LDV-infected anterior horn neurons (identified by their large size and the presence of dendrites) were detected only around 7 days p.i. and only infrequently. In a total of 10 sections taken from the spinal cords of three 7 day p.i. mice, only eight positive motor neurons were identified. All were found in the sacral region of the spinal cord of one of the mice (Fig. 5b) . In mice sacrificed at 12 to 14 days p.i., before paralysis had developed, LDV-infected motor neurons were somewhat more numerous and located either in loci (Fig. 5 c) or as individual cells among non-infected motor neurons (Fig. 5d ). However, a much greater number of LDV RNA-positive anterior horn neurons were present in the spinal cords of paralysed mice ( Fig. 5e and f) , consistent with the results from the Northern hybridization analyses of total spinal cord RNA (Fig. 4) .
In infected anterior horn neurons, LDV RNA was present in the cell body as well as in the dendritic processes ( Fig. 5d-f) . Previous studies suggested that smaller non-neuronal cells in the spinal cord also became infected with LDV . However, in view of the presence of large amounts of LDV RNA in dendritic processes, it is possible that such smaller grain foci may represent dendrites of infected motor neurons that have been cut horizontally or at an angle (see Fig. 5e ). In agreement with this suggestion, few LDV RNA-containing cells were detected in the white matter of the spinal cord (data not shown).
In agreement with earlier studies ) and the Northern hybridization analyses (Fig. 4) , no LDV-infected cells were detected in the brains of the paralysed mice (data not shown). Thus, LDV-infected cells are present in the brain only in the leptomeninges during the first days p.i., and subsequent infection of CNS cells is restricted to the spinal cord.
Discussion
After entry into a mouse, LDV seems to productively infect macrophages locally at the site of entry resulting in the production of progeny virus at about 7 to 12 h p.i. This virus then spreads rapidly via the blood to most tissues in the body resulting in a second round of virus replication in the resident macrophages of these tissues (Table 1 ; Fig. 1 and 2 ) and the release of large amounts of LDV into the circulation (about 101~IDs0/ml of plasma) and destruction of practically all permissive macrophages at that time (Stueckemann et al., 1982a, b; Inada & Mims, 1985; Onyekaba et al., 1989b) .
Entry into the CNS, which is not readily accessible via the blood circulation, is impeded and slow. Our results from in situ hybridization studies indicate that LDV enters the CNS via the haematogenous route. Many LDV-infected cells are found at 1 to 2 days p.i. in the leptomeninges and around blood vessels, both in the brain and spinal cord (Fig. 3 and 5 a) . The type of cell infected in the leptomeninges has not been identified. However, these cells are probably macrophages that are productively infected and destroyed in the process, since macrophages represent the only cell type that can be infected in vitro (Plagemann, 1994) . The arachnoid and pia mater that comprise the leptomeninges are rich in blood vessels and macrophages (Vernon-Roberts, 1972) , and the infected cells, like macrophages in other tissues, disappeared between 2 and 3 days p.i. In contrast to the leptomeninges, relatively few macrophages are located in the choroid plexus (Vernon-Roberts, 1972 ) and, consistent with this fact, only very few LDV-infected cells were detected in the choroid plexus at 1 day p.i. (Fig. 3 c) . Regardless of the identity of the LDV-infected cells in the leptomeninges, they presumably release progeny LDV into the CSF in the subarachnoid space (Fig. 3) which results in LDV dissemination throughout the CNS and delivery to anterior horn neurons. In agreement, Stroop & Brinton (1983) reported the presence of about 107 IDso of LDV in the CSF of young C58 mice 3 days p.i. with LDV-C, a neurovirulent strain of LDV, related to LDV-v.
However, infection of motor neurons in the spinal cord, the primary cells that become infected in the CNS by LDV-v, seems slow; the first LDV-infected anterior horn neurons could only be detected at 7 days p.i. Massive infection of the cells occurs only during the last few days before paralysis develops in individual mice generally between 12 and 25 days p.i. The reasons for this long latent period of motor neuron infection in relation to the rapid replication of LDV in the extraneuronal tissues are obscure. It is not due to a transient presence of motor neuron-protective anti-LDV antibodies. Neither does it seem to be caused by changes in the ecotropic MuLV-induced susceptibility of the anterior horn neurons to LDV infection since the expression of the ecotropic MuLV in glial ceils is apparent in susceptible mice before LDV infection, is not detectably altered after LDV infection, and is not affected by immunosuppressive treatments (Anderson et al., 1994; Plagemann & Moennig, 1992) . It seems more likely that some factor(s) produced by and released from the large number of macrophages (about 106/mouse) that become productively infected during the first day p.i. protects spinal cord motor neurons from LDV infection without affecting LDV replication in macrophages. The nature of this factor is presently unknown.
It is also unclear how the expression of ecotropic MuLV in glial cells renders anterior horn neurons susceptible to cytocidal infection by neurovirulent strains of LDV (see Anderson et al., 1994) or what alteration makes the motor neurons LDV permissive. The effect seems to be indirect. The most likely explanation might be that cytokines released by ecotropic MuLV-infected glial cells induce alterations specifically in the anterior horn neurons which incidentally results in the expression of a novel surface protein that is recognized as a receptor by certain variants of LDV. This hypothesis is supported by the finding that only certain variants of LDV are capable of infecting anterior horn neurons in susceptible mice and that these variants become selected as a result of replication in anterior horn neurons (G. W. Anderson et al., unpublished results) .
ADPM is the first disease that has been found to require the interaction between two viruses, in this case between two unrelated relatively benign viruses, an ecotropic MuLV and LDV. However, it is possible that similar interactions between unrelated viruses or other infectious agents could play a role in the aetiology of other animal, and perhaps human diseases, especially of the CNS.
